In this research, the behavior of orange fruit under impact cases was investigated by finite-element modeling in SolidWorks simulation and experimental dropping tests. The values of 0.584 MPa and 0.24 were experimentally determined for modulus of elasticity and Poisson's ratio as a pre-requirement for simulation. In the simulation tests, orange fruits were dropped from two different heights of 2 and 3 m with a drop angle of 45°r elatives to a rigid plane. Experimental tests were also conducted to validate simulation results. Maximum equivalent stress and contact force were obtained from simulation results 0.5826 MPa and 14.95 N, respectively.
Introduction
Orange fruits due to vitamin C, minerals, as well as fresh consumption, have an important position in agricultural products and producing countries gain substantial income by exporting them. Orange fruits have been cultivated in Iran from about 600 years ago, first in the southern coast and later in some other regions. Iran produces 4% of the world's orange fruit and generates more than 2733,000 t annually. [1] It is essential having sufficient knowledge of the physical and mechanical properties of orange fruit for harvesting. Mechanical damage during harvest and postharvest processing of agricultural products is causing physiological changes. These damages reduce the quality and thus the decay of the fruits. Mechanical impacts are known as a major factor of the crop's postharvest losses. [2] Although some bruising results do not appear instantly, they can contribute to decreasing quality of the fruit within a short period. [3] [4] [5] Predictions of the impact areas, deformation, and stress distribution in the fruit are important issues in postharvest studies. Direct measurement of the impact effects, which are caused by external forces, is very difficult. Today, the development of computer technology with the availability of the finite-element methods (FEM) which can be a useful tool to predict the mechanical behaviors of fruits is employed to solve complicated problems using computer-aided engineering technology without need to physical tests. [6] There are many researches, which have investigated the level of damage, stress distribution, and reaction of the fruits under the external forces using FEM. [7] [8] [9] For example, deformation behavior of the tomato fruit was investigated upon crashing. [10] In this study, at the first, a 3D model of tomato was generated in CATIA software and then in order to find mechanical properties of tomato in compression tests, simulated using FEM. A comparison between experimental data and finite element simulation confirmed that the two sets of results agreed well, [6] utilized a 3D scanner, high-speed camera, and FEM simulations to investigate drop case deformation of a Golden Delicious apple. They validated the results of SolidWorks simulation (drop test) by high-speed camera and observed that visual investigations and simulation results agreed well.
Bruise susceptibility of Pear under various impact cases were experimentally determined and modeled using FEM by. [7] Three impact heights (0.2, 0.5, and 1 m), two impact surfaces (steel and wood), two impact orientations of the fruit (vertical and horizontal), and three ripeness level (unripe, ripe, and overripe) were considered in the impact simulation scenarios. The lowest and the highest errors between the predicted and observed bruised areas calculated by the ANSYS software were 0.00% and 60.53%, respectively. Comparing experimental and modeling data, a good agreement was observed in the case of pears dropped from 0.2 and 0.5 m heights. These studies indicate the potential of FEM as a powerful tool to investigate deformation behavior of the agricultural crops particularly fruits and vegetables.
For simulation of orange fruit using FEM, it needs to know some mechanical properties of the fruit such as modulus of elasticity and Poisson's ratio, which are required as two fundamental properties of elastic and viscoelastic solids for calculation of stress and elastic deformation. [11, 12] Based on previous researches, Poisson's ratio in the organic materials is a function of moisture content, stress, and loading rate [13, 14] and in terms of theory, it changes from zero to half. Poisson's ratio is the ratio of transverse strain to longitudinal strain along the direction of applied force. In the contact problems, modulus of elasticity is a more effective parameter than Poisson's ratio. [11] There are several reports about calculation of the Poisson's ratio and modulus of elasticity of fruits and vegetables in the published literatures. Kiani deh Kiani et al. [15] obtained Poisson's ratio and modulus of elasticity of two varieties of red bean grains in different moisture contents and loading rates. They used the instrumented-bending beam as a contact sensor for transverse strain measurement and Hertz theory for determination of the modulus of elasticity. Poisson's ratio and modulus of elasticity decreased with increasing moisture content and increased when loading rate increased. Cakir et al. [16] determined the modulus of elasticity and Poisson's ratio of two varieties of onion. In this study, determination of the transverse strain was measured by linear variable differential transformer regardless of crop geometry. Pallottino et al. [17] also obtained the modulus of elasticity and Poisson's ratio of orange fruits using universal testing machine, which equipped with upper and lower plates and three cameras along three orthogonal axis lines. Hassanpour et al. [18] also used the Hertz theory and image processing tool to calculate the modulus of elasticity and Poisson's ratio of white seedless grapes.
According to the literature review, the object of this study was to simulate the free fall motion of orange fruit using finite element analysis (FEA) in SolidWorks simulation and validate the software outputs by experimental laboratory tests. Modulus of elasticity and Poisson's ratio of orange fruits were also determined as a requirement inputs for drop test simulation.
Material and methods

A 3D solid model
In this study, an orange fruit was used as a biological material to study deformation behavior under drop case. A 3D solid model of the orange was created by SolidWorks software on the basis of dimensions which determined from actual samples. Required samples for the experimental tests were collected in early October 2016. Equatorial diameter (D e ), polar diameter (D p ), and thickness (T) of samples were measured by a digital caliper with an accuracy of 0.05 mm. Polar diameter is the distance between the fruit base and the point of stem attachment to the fruit. Equatorial diameter is the maximum width of the orange fruit in a plane perpendicular to the polar diameter. Some physical and mechanical properties of the samples are shown in Table 1 . Shape index is used to evaluate the shape of oranges, and it is determined according to the Equation 1. If the shape index is larger than 1.5, the sample is considered as an oval and if the shape index is smaller than 1.5, it is considered as spherical. [18] Shape index
Modulus of elasticity
A universal testing machine was employed in order to determine the modulus of elasticity of orange fruits in quasi-static compression tests. Samples were loaded between two parallel plates of machine (Fig. 1a) by the rate of 10 mm min −1. [19] During the experiments, the universal testing machine generated force graph as a function of deformation. Force exertion stopped when initial failure detected as a sharp reduction in the value of force (Fig. 1b) . Modulus of elasticity for a whole fruit, when it is compressed through parallel plates, was determined based on ASAE standards for compression test of food materials of convex shape [19] :
where E is the modulus of elasticity (MPa), D is the deformation (mm), μ is the Poisson's ratio (dimensionless), F is the exerted force (N), the constants K L and K U dimensionless parameters related to geometrical characteristics of the bodies in contact with each other. R U , R U1 are radii of curvature of the convex surface of the sample at the point of contact with the upper plate (m), R L , R L1 are radii of curvature of the convex surface of the sample at the point of contact with the lower plate (m). According to the sample dimensions and the shape index value (Table 1) , the orange fruit assumed as a spherical object. So, upper and lower radii of curvature are equal to constant
So, Equation 2 converted to Equation 4 for a spherical object. a b Figure 1 . Quasi-static compression test of orange fruit using parallel plates: (a) before loading, (b) after loading.
S486 B. NAMDARI GHARAGHANI AND H. MAGHSOUDI
Volume measurement
Orange volume determined using the fluid displacement technique. Water was used as a fluid due to the lack of water absorption by orange peel. According to water density, [1] the sample volume is equal to the mass of water which is moved by the immersion of sample in water. [12] Water was used at environment temperature (about 20°C), at which the density is near to 1 g cm À3 .
Poisson's ratio determination
Poisson's ratio was determined by loading samples between parallel plates along the polar diameter in the universal testing machine, which was equipped with a 50 N load cell. At the first, the upper plate was placed in contact with the fruit without applying any pressure, and a digital image was captured using Sony DSC-W200 camera at this situation. Then, after loading the sample with a standard rate of 10 mm min −1 , another image was captured and saved with jpg format. A program code was written in MATLAB (R2015b) for image processing and the initial image (before loading) uploaded in order to determine the longitudinal and transverse distance. Each of the images was calibrated with a ruler in the background (Fig. 2a) and then, the margin of image was removed for the rising of the points selection accuracy (Fig. 2b) . After that, the highest and lowest points of sample in tangency with parallel plates were selected (Fig. 2c) . So, the program measured and indicated the longitudinal distance between these two points as output (Fig. 2d) . The transverse distance for the sample also obtained in a similar way. Similar method was applied on the final image to calculate longitudinal and transverse deflection after loading and then, Poisson's ratio (μ) was obtained by Equation (5).
where ε x is the lateral strain and ε z is the longitudinal strain.
Finite element principles and mesh model
FEA is an advanced engineering tool, which can use in simulation and analyzing agricultural products under a variety of conditions and replace experimental testing. In this process after the creation of a geometric model, the program subdivides the model into small pieces of simple shapes (elements) which connected at common points (nodes). FEA programs dealing with the model as a network of discrete interconnected elements. In this study, investigation of free fall motion of the orange fruit as a nonrigid object was done using drop test Analysis (available in Solidworks Simulation). Nonlinear vibration analysis intended for drop test simulation. After defining the necessary material properties of orange fruit (density, elasticity modulus, and Poisson's ratio), mesh generation (break the model into small elements) was performed. Meshing is a very crucial step in design analysis. For the analysis of orange sample, 3D parabolic tetrahedral solid elements were used (Fig. 3a) . Solid elements are naturally suitable for bulky models. Parabolic tetrahedral elements (also called second-order or higher order elements) which yield better results were selected due to more accurate representation of curved boundaries and better mathematical approximations than linear elements. Mesh construction of the model by using solid mesh (element size: 6.7 mm and mesh quality: high) was containing 10,393 elements and 12,050 nodes (Fig. 3b) .
The next step after meshing and applying material to the model is specifying the drop test settings. The drop height (h), the acceleration of gravity (g), and the orientation of the impact plane must be defined for analyzing the free fall motion of orange fruit. In this study, sample was dropped on the ground from the heights of 2 and 3 m under the earth's gravitational effect with an angle of 45°relatives to the rigid surface (the worst drop cases) (Fig. 4) . Therefore, the program calculates the velocity (V) at the moment of collision with the ground surface from the following equation: ) and h is the drop height (m). Finally, simulation scenarios were run after completion of the preprocessor steps, and the results were recorded. SolidWorks solves the dynamics issues as a function of time. The general equation of motion is as follows:
where
Þ ¼ elastic forces, and R t ð Þ ¼ external forces, which include gravitational forces and impact forces. All of these forces are time dependent. [21] The program uses an explicit time integration method to solve drop test studies. It automatically estimates the critical time step based on the smallest element size and uses a smaller value to prevent divergence. The program calculates the response starting from the moment of the first impact. It estimates a value for the solution time based on the model geometry and material properties. The default solution time is based on the traveling time of elastic wave through the model which generated by the impact. The velocity (V e ) of the elastic wave can be estimated from the following equation:
where E x ¼ the modulus of elasticity kPa ð Þ and ρ = density (kg cm −3 ). The wave starts propagating in the model at the moment of impact. In order to estimate reasonable period, assuming that the length of the model is L, the wave takes a time period approximately equal to 2L=V e to travel to the farthest boundary, get reflected, and travel back to the originating area. Due to existence of the opposite forces to gravity which start acting on the model during this period, the program sets the default solution time to 3L=V e .
Experimental method
To verify the accuracy and correctness of the simulation results obtained from SolidWorks software, the experimental dropping tests were conducted. For this purpose, 20 ripe and fresh oranges with almost the same size and weight were randomly bought from the market. For measurement of the maximum force of impact, an axial load cell (Sokki Kenkyujo, Japan) under the rigid plate was used which transmitted (TM-1020 transmitter, Tika, Iran) data to the computer with connecting cable (Fig. 5a ) and then recorded them by the software. Samples dropped from two heights of 2 and 3 m with 45°drop angle on the rigid plate. In order to determine the stress value, it is needed to know the sample contact area with the rigid plate, which was stamped after impact by fresh painting color on the rigid plate (Fig. 5b) . The painted area was measured using an image-processing algorithm in MATLAB software and then, stress was obtained by the following equation:
where σ is the stress (kPa), F is the contact force (N), and A is the contact area (cm 2 ).
Results and discussion
Some of the physical and mechanical properties of the orange fruit under abovementioned condition indicate in Table 1 to use in the FEM simulation. As the previous studies emphasized, the simulation results and bruise susceptibility directly depend on some mechanical properties of sample such as elastic modulus and Poisson ratio. [6, 22] The Modulus of elasticity and Poisson's ratio obtained in this study have good compatibility with the results reported by Ref. [23] but observed some difference with Pallottino et al. results which can be interpreted by different variety and therefore different texture of fruits. [17] The orange impact was considered and it was simulated through nonlinear FEM-based explicit dynamics simulation approach. In the scenarios, the orange was allowed to make free-fall impact on a rigid plate from predefined heights under the acceleration of gravity. After completion of the simulation preprocessor steps, simulation scenarios were run and useful numerical and visual results include equivalent stresses and contact forces. In total, 22 steps after impact were set after the first impact moment in the simulation for the drop case. Time-dependent stress progression and distribution on the orange body during predefined impact events were demonstrated using stress plot.
Contact force and stress magnitudes for the 2-m dropping height Fig. 6 indicates contact force and equivalent stress (Von Mises) diagram for the orange sample under drop case from height of 2 m. Numerical results revealed that the maximum impact force and equivalent stress (Von Mises) exerted to the simulated sample when dropped from height of 2 m were equal to 11.1 N and 47.719 kPa, which occurred in the step 4 of the analysis steps.
The value of contact force at the moment of impact was equal to 2.1 N (Fig. 6 ). This value keeps its increasing trend until the sample separates from the rigid plate and after that, contact force was reduced to zero at step 9 as there is no contact with the rigid plate at this step. Also at the moment of sample collision with the flat platform, the value of equivalent stress was 21.84 kPa. Then, this value increased until it reaches its maximum value (47.719 kPa) in the step 4. After that, when the orange starts to bounce as a reaction to the rigid plate, according to the elastic force, the stress reduced until it gets to its minimum value. Although there is no contact force existing after step 9, there are instances of stress observable, ranging from the value 0.29 to 0.67 kPa. In this study, the regions where stress were beyond the bio-yield stress can be described as bruised regions of the orange fruit and can be used for estimation of bruised volume under impact loads. Figure 7 indicates the equivalent stress (Von Mises) distribution for six selected steps from solving steps after impact. At step 1 (75 µs after impact), the first deformation and stress values occurred. This stress value increased until it reaches its maximum value (at step 4 as shown in Fig. 7b , and then due to elastic force, sample gradually starts to bounce and the stress value in the steps c, d, e, and f reduced. The maximum equivalent stress value obtained at the time of 300 µs (step 4). The results of this research were similar to previous research in that FEM simulations was utilized to investigate drop case deformation events of a Golden Delicious apple as the sample organic material. [6] Contact force and stress magnitudes for the 3-m dropping height Figure 8 shows contact force and equivalent stress diagram for the sample under drop case (drop height of 3 m). In comparison with Fig. 6 , contact force and equivalent stress for height of 3 m have higher magnitude than that of 2 m height (higher height, larger magnitude of contact force, and equivalent stress). At the first step after impact, the value of contact force was 3.15 N, which was increased until it reached its maximum value at step 4 after impact (14.14 N). After that, force value decreased until contact between the fruit and the platform was broken (step 9) and this value goes back to zero. The value of equivalent stress at this height was obtained 26.34 kPa at step 1 after impact and reached its maximum value at step 4 (55.29 kPa). After rebound, due to plastic work produced by deformation, the stress values did not go back to zero values and there are instances of stress observable, ranging from the value 0.39 to 0.74 kPa. Figure 9 indicates the equivalent stress (Von Mises) distribution in the 6 nonconsecutive steps from 20 solving steps after impact. At the first step (75 µs after impact), due to the impact forces, the first values of deformations appeared at the collision point and consequently stresses observed in the sample (Fig. 9a ). The stress values had an increasing trend until it got its maximum magnitude as shown in Fig. 9b , and after that when sample was getting away from the rigid plate, the stress magnitudes was decreased in the next steps (Figs. 9c-9f) . The maximum value of Equivalent Steres (KPa) Contact Force (N)
Step Number Force stress Figure 6 . The magnitude of equivalent stress and contact force at different steps after impact (height of 2 m).
stress occurred at step 4, 300 µs after impact. It can be observed that the higher the height of the fall of the fruit, the more contact force and stress are exerted to the fruit. Dropping from these heights causes bruise susceptibility and time-dependent nonlinear deformation at the impact point. Therefore, it is recommended that during harvesting, handling, transportation, and storage, try to minimize the external force on the product due to its soft texture in order to deliver a healthier product to consumers. The results of this study were consistent with the research on apples and pears. [6, 9] a b c d e f 
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Force Stress Figure 8 . The magnitude of equivalent stress and contact force at different steps after impact (height of 3 m).
Experimental measurement of contact force and normal stress
In order to validate the results of FEM simulation data, experimental dropping tests were performed from the heights of 2 and 3 m with 10 replication and then, measured contact force and normal stress values were recorded (Table 2) . Contact force was directly measured by the load cell and normal stress was calculated by the ratio of contact force to the contact surface with the plate attached to the load cell. The average value of contact force and normal stress was obtained 11.32 N and 46.53 kPa for the height of 2 m and 14.17 N and 55.08 kPa for the height of 3 m. In all tests, contact force and normal stress values were increased with increasing dropping height, which was consistent with the results reported for drop test simulation of a tomato. [21] The values of contact force and equivalent stress (Von Mises) exerted to the sample in simulation versus experimental test are presented in Table 3 that shows the two sets of results agree well. Evaluation of the difference between experimental data and finite element simulation was performed The values of contact force and equivalent stress obtained in the study were lower than the critical values for these parameters. Therefore, the sample is far away from rupture conditions and is in the safety zone, but due to sensitive texture of agricultural crops, specially fruits and vegetables, as affected by mechanical impact, over the time some bruise damages may be appeared. So, it is necessary to try that the least amounts of external forces applied on crops during different agricultural processes such as harvest, transportation, and postharvest operations to avoid the occurrence of the bruise damages which force economic losses to the fruit industry.
Conclusion
Improvement of the ability of hardware and software allows engineers to solve complex problems using computer-aided design technology and numerical methods without making physical model or experimental tests. This study presents a practical and efficient way for modeling and analyzing the behavior of samples when dropping on a rigid plate in SolidWorks software and evaluates it with experimental tests. Using a rigid flat plate mounted on the load cell, and a transmitter, the magnitude of contact force and normal stress after impact was measured. For two dropping heights of 2 and 3 m, the maximum value of contact force and equivalent stress (Von Mises) exerted to the orange sample were obtained 11.1 and 14.14 N and 47.73 and 55.29 kPa, respectively, for the step 4 in the FEM simulation. Also, the value of contact force and normal stress obtained in experimental tests for similar dropping heights were 46.53 and 55.08 kPa and 11.32 and 14.17 N, respectively. When comparing the results of simulation with experimental test, good agreement was observed and simulation results were in an acceptable range. Experimental tests approved that the SolidWorks simulation can be used to predict the behavior of agricultural crops under drop case. The results of this study can be used as a foundation for further investigations of the mechanical parameters of agricultural crops by using FEM simulations. In addition, some other parameters such as bruise susceptibility can be determined by this practical, simple, and cost-effective method. 
